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Introduction
Nitric oxide (NO) plays an important role in hemodynamic regulation and vascular tone control in the cardiovascular system [1] . Compounds that can release or donate NO might mimic endogenous NO activity, especially in hypertension, where endogenous NO production is impaired [2] and/or enhanced reactive oxygen species (ROS) can inactivate or sequester NO [3] . Two NO donors, sodium nitroprusside (SNP) and nitroglycerin (TNG), are currently employed in the clinical setting. SNP is prescribed to patients with acute pulmonary edema or severe left ventricular dysfunction [4] , whereas TNG is used to treat angina pectoris [5] and acute heart episodes [6] . However, both vasodilators have limitations. The SNP hypotensive effect can lead to reflex tachycardia [7, 8] , and the cyanide molecules released during biological SNP degradation are related to severe toxicity [9] . On the other hand, chronic TNG use induces tolerance [10] . To avoid the clinical side effects of these NO donors, many macrocyclic nitrosyl ruthenium complexes that can act as NO donors have been synthesized and studied. Three ruthenium complexes, namely trans-[RuCl( [15] aneN 4 drop in vascular smooth muscle cells [16] , which suggests that it displays the best vasodilator effect. Previous studies have demonstrated that TERPY induces a slow and long-lasting hypotensive action without reflex tachycardia in normotensive and spontaneously hypertensive rats (SHR) [8, 17] . In addition, TERPY displays a vasodilator effect on different blood vessels, with the exception of the basilar arteries of normotensive rats [18] . This is an important feature of TERPY because it avoids cerebral vasodilation and consequent headache [19] . Another advantage of TERPY is its lack of cytotoxicity [18] .
TERPY induces similar vasodilator effects on endothelium-denuded (E − ) mesenteric artery rings of sham-operated (2K) and renal hypertensive (2K-1C) rats [20] and also on E − aortic rings of normotensive rats and SHR [8] . Nevertheless, endothelium modulates the TERPY vasodilator action in normotensive rats and SHR in different ways. Endothelium impairs the TERPY vasodilator effect on normotensive rat aortas [14, 15] . In contrast, the TERPY vasodilator action is improved in SHR endothelium-intact (E + ) aortas as compared to SHR E − aortas.
Moreover, despite the endothelial dysfunction observed in SHR aortas, a non-selective NO synthase (NOS) inhibitor shifts TERPY-induced relaxation curves to the right, which suggests that NOS activity in SHR aortas improves the TERPY effect [15] .
Resistance vessels are closely associated with blood flow and capillary pressure regulation [21] . SHR peripheral resistance arteries show endothelial dysfunction and vascular remodeling, which are deeply related to high blood pressure levels [22] [23] [24] . Despite the aforementioned observations, a higher TERPY hypotensive action is verified in SHR as compared to normotensive rats. Analysis of the mechanisms involved in the TERPY vasodilator effect on SHR peripheral resistance arteries could explain this fact. We started this study by hypothesizing that endothelium modulates TERPY-induced relaxation in mesenteric arteries of normotensive rats and SHR differently. This study aimed to analyze the mechanisms underlying the TERPY effect on the second and third branches of such mesenteric arteries and to evaluate how endothelium contributes to the TERPY vasodilator effect on SHR mesenteric arteries.
Material and methods
All the experiments complied with the U.K. Animal guidelines (Guide for the care and use of laboratory animals) and were approved by the Ethics Committee on Animal Use (CEUA) of the School of Dentistry of Araçatuba (UNESP, process number 00440/2013).
Animals
This study employed male SHR aged 120 days, weighing approximately 300 g, and with systolic blood pressure ≥ 150 mm Hg. Agematched normotensive Wistar rats weighing approximately 400 g and with systolic blood pressure ≤ 110 mm Hg were used as controls (Fig.  S1 ). Systolic blood pressure was evaluated by tail plethysmography (PowerLab, ADInstruments, Melbourne -Australia). Animals were housed under standard laboratory conditions and 12 h light/dark cycles, at 22°C, with free access to food and water.
Wistar-Kyoto (WKY) rats were not used as controls because this strain bears a hypertension gene and is prone to genetic variability [25, 26] . Furthermore, like SHR, WKY rats display cardiomyocyte hypertrophy and left ventricular diastolic stiffness and can therefore develop spontaneous hypertension [25, 26] . On the other hand, Wistar rats do not have altered cardiomyocytes or altered left ventricle [27] and are surely normotensive, with blood pressure ≤ 110 mm Hg (Fig. S1 ).
Vessel preparation
Wistar (designated normotensive hereafter) rats and SHR were submitted to inhalation of halothane (Tanohalo®, Cristália, Itapira, Brazil), decapitated, and exsanguinated. Mesenteric artery beds were removed and placed in Petri dishes containing cold Krebs-Henseleit solution with the following composition (mM): NaCl 130.00, NaHCO 3 14.9, C 6 H 12 O 6 5.5, KCl 4.7, KH 2 PO 4 1.18, MgSO 4 1.17, and CaCl 2 1.6; pH 7.4. Mesenteric arteries were cleaned of connective tissue with the aid of a stereomicroscope (Luxeo 2S, Labomed, Los Angeles, CA -USA).
Vascular reactivity
The second or the third branch of mesenteric arteries (internal diameter = 200-300 μm) was cut into 2-mm-long rings. To measure isometric tension, these rings were mounted in a small vessel four chambers myograph (DMT, AD Instruments, Melbourne -Australia). More specifically, two tungsten wires (diameter = 40 μm) were introduced through a ring, which was mounted according to the method described by Mulvany and Halpern [23] . For some rings, endothelium was maintained (E + ), whereas for other rings, endothelium was removed (E − ) by gently rubbing the intimal surface with a human hair. After 10-min equilibration in oxygenated Krebs-Henseleit solution gassed with 95% O 2 and 5% CO 2 at 37°C and pH 7.4, rings were stretched to their optimal lumen diameter, to develop active tension, and they were normalized to a 100-mm Hg transmural pressure [24] . Subsequently, rings were left under basal resting tension for 30 min. To test preparation viability, rings were stimulated with a solution containing high potassium concentration (KCl 120 mM) for 10 min. Endothelial cell integrity was confirmed by over 60% and 80% relaxation in arteries of SHR and normotensive rats in response to acetylcholine 1 μM, respectively. Efficient endothelial cell removal was confirmed by lack of relaxation in rings pre-contracted with phenylephrine 1 μM.
Protocols
Cumulative concentration-response curves (from 10 nM to 100 μM) were constructed for the effect of the NO donor TERPY on mesenteric artery rings of normotensive rats and SHR. E − rings were contracted with phenylephrine 1 μM, whereas E + rings were contracted with phenylephrine 10 μM. To evaluate the cellular pathways involved in this resistance vessel relaxation in normotensive rats and SHR, concentration-response curves were constructed for TERPY after 30-min incubation in the absence or in the presence of (1) the selective soluble guanylyl cyclase inhibitor (1H)-(1,2,4)oxadiazole(4,3-a)quinoxalin-1-one (ODQ, 1 μM); (2) the non-selective potassium channel blocker tetraethylammonium (TEA, 1 mM); (3) the non-selective cyclooxygenase-1 and cyclooxygenase-2 (COX) inhibitor indomethacin (10 μM); and (4) the non-selective NOS inhibitor L-N G -Nitroarginine methyl ester (L-NAME, 100 μM). For SHR vessels, the effect of the following inhibitors were also evaluated: (5) the more selective endothelial NOS (eNOS) inhibitor N G -Nitro-L-arginine (L-NNA, 100 μM); (6) the more selective neuronal NOS (nNOS) inhibitor 7-nitroindazole (7-NI, 100 μM); and (7) the selective inducible NOS (iNOS) inhibitor N-([3-(aminomethyl) phenyl]methyl) ethanimidamide dihydrochloride (1400W, 10 μM). The concentrations of the drugs used during the vascular reactivity experiments agreed with the concentrations employed during previous studies by Bonaventura et al. [28] and Araújo et al. [20] . For some E − mesenteric artery rings, cumulative concentration-response curves (from 10 nM to 100 μM) to TERPY-aqua ([Ru(terpy)(bdq)H 2 O] 3+ ), without NO molecule, were constructed to prove that TERPY-induced relaxation is NO-dependent in blood vessels of normotensive rats and SHR.
Flow cytometry
The superior branch of SHR mesenteric artery beds was isolated, cleaned, and opened longitudinally. By using a suitable plastic scraper, endothelial cells were mechanically removed from the vessels in a plate containing Hanks solution with the following composition (mM): CaCl 2 1.6, MgCl 2 1.0, NaCl 120.0, KCI 5.0, NaH 2 PO 4 0.5, C 6 H 12 O 6 10.0, and HEPES 10.0; pH 7.4. The endothelial cell suspension was centrifuged (Centrifuge 5810R, Eppendorf, Hamburg, Germany) at 1000 rpm and room temperature for 5 min. Endothelial cells were characterized by cellular size and complexity. Absolute minimum thresholds of 180 and 160 were set at the SSC-A (Side SCatter) and FSC-A (Forward SCatter), respectively, to exclude the instrument noise threshold. Samples running on the Attune instrument (Attune™ Acoustic Focusing Cytometer, Applied Biosystems, Vic, Australia) were analyzed at high sensitivity and at a maximum acquisition rate of 50 events/s for 60 s, so a total of 2500 endothelial cells or events/rat were analyzed by flow cytometry. Cells were not incubated (Blank) or they were incubated (Basal) for 20 min with the fluorescent dye 4,5-diaminofluorescein diacetate (DAF-2DA, 10 μM), a fluorophore that reacts with intracellular NO. Subsequently, cells were stimulated with TERPY (10 μM) for 10 min, in the absence or in the presence of L-NAME (100 μM), L-NNA (100 μM), 7-NI (100 μM), 1400W (10 μM), or indomethacin (0.1 μM). Fluorescence emission at 530/30 nm was measured with a 488-nm blue laser (50 mW, Life Technologies Applied Biosystems, Vic, Australia). For cytofluorographic analysis, acquisition was set at 2500 endothelial cells/rat; the mean fluorescence intensity was measured in all the samples. The mean fluorescence intensity variation was calculated by the ratio between the number of cells loaded with DAF-2DA (Basal) and the number of cells loaded with DAF-2DA and stimulated with one of the drugs cited above. This methodology was described by Bonaventura et al. [14] and Cunha et al. [29] .
Western blot
Mesenteric artery beds were removed from the rats, cleaned, frozen in liquid nitrogen, and stored at −80°C. Samples were macerated in liquid nitrogen and separately homogenized in RIPA buffer (supplemented with a cocktail of protease and phosphatase inhibitors) with the aid of a sonicator (Vibra Cell Sonics, Newtown, USA). Homogenates were centrifuged (4°C, 10000 rpm, for 20 min), and supernatants were collected for protein determination [30] . Ten micrograms (10 μg) of total protein from a certain supernatant was submitted to electrophoresis in 8-10% polyacrylamide gel and transferred to a nitrocellulose membrane. Then, the membrane was incubated at 4°C, overnight, with primary antibodies against sGCα (1:500, Santa Cruz Biotechnology, SC-376502); sGCβ (1:500, Santa Cruz Biotechnology, SC-20955); K V1.5 (1:5000, Millipore, AB5182); maxiK (1:5000, BD Biosciences, 611248); SK3 (1:5000, Santa Cruz Biotechnology, SC-28621); SUR2B (1:1000, Santa Cruz Biotechnology, SC-5793); Kir 6.1 (1:1000, Santa Cruz Biotechnology, SC-11224) and eNOS (1:1000, Santa Cruz Biotechnology, SC-654) for homogenates from normotensive rats and SHR. Some mesenteric artery beds were treated with TERPY (1 μM, 30 min) or not (control). Ten micrograms (10 μg) from these samples, in a nitrocellulose membrane, were incubated at 4°C, overnight, with primary antibodies against p-eNOS Ser 1177 (1:1000, Millipore, 07-428) and p-eNOS Thr 495 (1:1000, BD Bioscience, 612707).
Next, the membrane was incubated with secondary antibody anti-rabbit (1:1000) or anti-mouse (1:1000) at room temperature for 60 min. A chemiluminescent substrate that had been exposed to a radiographic film was used to detect the bands. β-Actin (1:12000, Sigma-Aldrich, A5441) was used to normalize the results. Band intensity was quantified with the optical densitometry software ImageJ.
Colorimetric Griess reaction
We used the second or the third branch of the mesenteric arteries of normotensive rats and SHR. In the bath chamber, we incubated all the samples at 37°C without (non-treatment) or with TERPY (1 μM, 30 min). Then, 50 μL of the bath solution from all samples were collected and added to 50 μL of Griess reagent (a 1:1 dilution of 1% N-(1-Naphthyl)ethylenediamine dihydrochloride in distilled water and 1% sulphanilamide in 5% phosphoric acid) using a 96 well plate. We set up sodium nitrite doubling dilutions for a standard curve starting with 200 μM nitrite. The absorbance was read at 540 nm.
Measurement of ONOO
− production by coumarin-7-boronate acid (7-
CBA)
In the bath chamber, the second or the third branch of mesenteric arteries of normotensive rats and SHR were incubated at 37°C without (non-treatment) or with TERPY (1 μM, 30 min). Then, 50 μL of the bath solution from all samples were collected and added to 50 μL of 20 μM 7-CBA diluted in PBS for 30 min. This mixture was placed in 96-well assay plates, and fluorescence analysis of the oxidation product 7-OH-coumarin (COH) [31] was performed on a SpectraMax M5 Microplate Reader (Molecular Advices, Sunnyvale, CA). Fluorescence was measured at 332 nm (excitation) and 447 nm (emission). The results were normalized to total cellular protein.
Drugs
The NO donor TERPY (MW: 951.00) and TERPY-aqua (MW: 746.39) were synthesized [32] in the Analytical Chemistry Laboratory of the Department of Physics and Chemistry of the Faculty of Pharmaceutical Sciences of Ribeirão Preto -USP; TERPY structure was demonstrated by Bonaventura et al. [14] and Munhoz et al. [8] . Phenylephrine (L-phenylephrine hydrochloride); acetylcholine (acetylcholine chloride); ODQ
; DAF-2DA (4,5-diaminofluoresceine diacetate); dimethylsulfoxide; and indomethacin were obtained from Sigma-Aldrich (St. Louis, Missouri-USA). Phenylephrine, acetylcholine, L-NAME, ODQ, and TEA were dissolved in deionized water. L-NNA, 7-NI, 1400W, and DAF2-DA were dissolved in dimethylsulfoxide. Indomethacin was dissolved in ethanol. The final dimethylsulfoxide or ethanol concentration in the bath solution did not exceed 0.1%.
Statistical analysis
For functional studies, EC 50 (concentration of the agent that produced half-maximal relaxation amplitude) values were determined after logarithmic transformation of normalized concentration-response curves and are reported as the negative logarithm (pD 2 ). Maximum effect (ME) values were represented as percentage and were considered as the maximal amplitude response reached in the concentration-effect curves for the relaxation agent. Results are expressed as the mean ± standard error of the mean (SEM) of obtained values; n indicates the number of animals, the number of mesenteric artery rings, or the number of mesenteric artery beds that were used. Results were analyzed and compared between groups by using one-way ANOVA with Tukey post-hoc test. Statistical analysis was performed with the software Prism GraphPad 5.0. Differences were considered statistically significant when p < 0.05.
Results

TERPY-induced relaxation is similar in E
− mesenteric arteries of normotensive rats and SHR TERPY induced a concentration-dependent vasodilator effect on E − mesenteric artery rings of normotensive rats (ME: 100.7 ± 4.2%, pD 2 : 5.33 ± 0.06, n = 4) and SHR (ME: 100.9 ± 2.3%, pD 2 : 5.29 ± 0.19, n = 6) ( Fig. 1) . TERPY without NO ligand; i.e., TERPY-aqua ([Ru(terpy) (bdq)H 2 O] 3+ ), did not promote relaxation in E − mesenteric artery rings of normotensive rats (ME: 8.3 ± 2.1%, n = 5) and SHR (ME: 11.6 ± 5.2%, n = 5), which suggests that NO activates the mechanisms involved in smooth muscle cell relaxation.
TERPY-induced relaxation in E
− mesenteric arteries of normotensive rats and SHR involves soluble guanylyl cyclase (sGC) and potassium channel activation
On the basis of Fig. 2A and B, ODQ (a selective sGC inhibitor) reduced the maximum relaxation induced by TERPY in E − mesenteric artery rings of normotensive rats (ME: 39.4 ± 5.6%, n = 5) and SHR (ME: 30.5 ± 2.5%, n = 5), but ODQ did not abolish the TERPY effect. TEA (a non-selective potassium channel blocker) reduced TERPY potency as shown by the pD 2 values in E − mesenteric artery rings of normotensive rats (pD 2 : 4.67 ± 0.42, n = 6) and SHR (pD 2 : 4.72 ± 0.23, n = 5) and by the maximum relaxation induced by TERPY in E − mesenteric artery rings of normotensive rats (ME:
64.8 ± 3.3%, n = 6) and SHR (ME: 70.0 ± 4.5%, n = 5) ( Fig. 2C and  D) . However, according to Fig. 2E and F, incubation with ODQ plus TEA almost abolished TERPY-induced relaxation in E − mesenteric arteries of normotensive rats (ME: 9.9 ± 0.8%, n = 5) and SHR (ME: 9.0 ± 1.4%, n = 5).
Protein expression of sGC subunits and potassium channels in mesenteric arteries of normotensive rats and SHR
Mesenteric artery beds of normotensive rats and SHR had similar expression of sGC α and β subunits. Mesenteric artery beds of normotensive rats and SHR did not differ in terms of protein expression of the voltage-dependent potassium channel (K V ) K V1.5 subunit; these beds did not differ in terms of protein expression of both ATP-sensitive potassium channel (K ATP ) subunits (SUR2B and Kir 6.1), either. Nevertheless, protein expression of the small conductance calcium-activated potassium channel (SK3) and of the big conductance calciumactivated potassium channel (maxiK) decreased in SHR mesenteric artery beds as compared to mesenteric artery beds of normotensive rats (Fig. 3) .
Endothelium increases TERPY potency in SHR mesenteric resistance arteries
TERPY induced a concentration-dependent vasodilator effect in E + mesenteric artery rings of normotensive rats and SHR (Fig. 4) . TERPY induced similar maximum effects in E + and E − mesenteric arteries of normotensive rats (E + ME: 96.9 ± 3.2%, n = 4; E − ME:
100.7 ± 4.2%, n = 4) and SHR (E + ME: 103.1 ± 2.4%, n = 5; E − ME: 100.9 ± 2.3%, n = 6) ( Fig. 4A and B) . However, TERPY potency was higher in SHR E + mesenteric artery rings than in SHR E − mesenteric artery rings (E + pD 2 : 6.01 ± 0.05, n = 5; E − pD 2 :
5.29 ± 0.19, n = 6) (Fig. 4A) . On the other hand, endothelium impaired the TERPY potency in mesenteric arteries of normotensive rats (E + pD 2 : 4.73 ± 0.07, n = 4; E − pD 2 : 5.33 ± 0.06, n = 4) (Fig. 4B) .
3.5. The NOS enzyme improves TERPY-induced relaxation in SHR mesenteric arteries, but not in mesenteric arteries of normotensive rats L-NAME (a non-selective NOS inhibitor) reduced TERPY potency (pD 2 : 5.03 ± 0.10, n = 4) but it did not change the maximum effect (ME: 97.4 ± 0.9%, n = 4) in the case of SHR E + mesenteric artery rings (Fig. 4C) . On the other hand, L-NAME increased TERPY potency in E + mesenteric rings of normotensive rats (pD 2 : 5.31 ± 0.10, n = 4) without modifying the maximum effect (ME: 96.4 ± 1.8%, n = 4) (Fig. 4D ).
3.6. The cyclooxygenase pathway does not participate in TERPY-induced relaxation in E + mesenteric arteries of normotensive rats and SHR TERPY potency and the maximum vasodilator effect induced by TERPY in E + resistance artery rings of normotensive rats (pD 2 :
4.70 ± 0.08, n = 4; ME: 94.6 ± 1.1%, n = 4) and SHR (pD 2 : 5.97 ± 0.07, n = 4; ME: 95.0 ± 2.3%, n = 4) incubated with indomethacin, a non-selective COX inhibitor, did not change as compared to the corresponding E + rings ( Fig. 4E and F) .
The eNOS, but not the iNOS or the nNOS, enzyme participates in TERPY-induced relaxation
We tested three different inhibitors to identify which NOS isoform was involved in the TERPY effect observed in SHR. L-NNA (a more selective eNOS inhibitor) decreased TERPY potency (pD 2: 4.96 ± 0.20, n = 4) but not the TERPY maximum effect (ME: 96.1 ± 1.0%, n = 4) (Fig. 5A ). 1400W (a selective iNOS inhibitor) (pD 2 : 6.11 ± 0.17, n = 4; ME: 94.4 ± 2.8%, n = 4) and 7-NI (a more selective nNOS inhibitor) (pD 2 : 6.05 ± 0.07, n = 4; ME: 94.6 ± 1.9%, n = 4) did not change TERPY potency or maximum effect ( Fig. 5B and C) in SHR E + mesenteric arteries.
TERPY increases NO in SHR superior mesenteric artery endothelial cells through a L-NNA-sensitive mechanism
The presence of L-NAME abolished the DAF-2DA basal fluorescence intensity (2979. 40 ± 191 .03, n = 5, in arbitrary units) in SHR superior mesenteric artery endothelial cells (Fig. 6, 148 .20 ± 325.08, n = 5). Stimulation with TERPY increased DAF-2DA fluorescence intensity (6528.80 ± 145.66, n = 5), and these results remained unaltered after incubation with 7-NI (6724.80 ± 120.63, n = 4), 1400W (6606.60 ± 144.32, n = 5), or indomethacin (6560.40 ± 92.51, n = 5). Nevertheless, incubation of endothelial cells with L-NAME (4470.40 ± 224.90, n = 5) or L-NNA (4498.05 ± 77.89, n = 4) prior to stimulation with TERPY decreased DAF-2DA fluorescence intensity as compared to values obtained for endothelial cells stimulated with TERPY only, but fluorescence intensity was not abolished like it was diminished in the presence of L-NAME only (Fig. 6 ). Fig. 1 . TERPY (10 nM-100 μM) or TERPY-aqua (10 nM-100 μM) relaxation effect on the E − mesenteric resistance arteries of normotensive Wistar rats (TERPY, white circle, n = 4; TERPY-aqua, black circle, n = 5) and SHR (TERPY, white square, n = 6; TERPY-aqua, black square, n = 5). Data are reported as the mean ± S.E.M. ***p < 0.001 denotes differences between TERPY-aqua and TERPY effects (One-Way ANOVA, followed by Tukey test).
TERPY increases eNOS phosphorylation
(0.14 ± 0.01, n = 4) (Fig. 7A) . On the other hand, the stimulation of SHR mesenteric arteries with TERPY (1 μM) increased eNOS phosphorylation at Ser 1177 (0.82 ± 0.09, n = 6, in arbitrary units) as compared to non-stimulated mesenteric arteries (0.43 ± 0.04, n = 5) (Fig. 7A ). In addition, total eNOS expression was increased in SHR mesenteric arteries stimulated with TERPY (0.57 ± 0.07, n = 6) than in non-stimulated (0.15 ± 0.03, n = 6). However, in normotensive mesenteric arteries, eNOS expression remained unchanged in non-stimulated (0.56 ± 0.09, n = 5) or in arteries TERPY-stimulated (0.46 ± 0.11, n = 5) (Fig. 7B ). 
Wistar
TERPY increases NOx levels and decreases ONOO
− production in SHR mesenteric arteries, but not in mesenteric arteries of normotensive rats
In SHR mesenteric arteries, NOx levels was decreased (0.0034, n = 5) compared to mesenteric arteries of normotensive rats (0.063, n = 5) (Fig. 7C) . On the other hand, ONOO − production, evaluated by 7-CBA, was increased in SHR mesenteric arteries (5711.0 ± 468.6, n = 5) than in mesenteric arteries of normotensive rats (3199.0 ± 616.8, n = 5) (Fig. 7D) . After TERPY stimulation, NOx levels increased in SHR mesenteric arteries (0.05, n = 5), but not in normotensive mesenteric arteries (0.01, n = 5) (Fig. 7C) . ONOO-production was increased in normotensive rats mesenteric arteries (7150.0 ± 353.5, n = 5), but remained unchanged in SHR mesenteric arteries (4785.0 ± 333.2, n = 5) (Fig. 7D ).
Discussion
Nitrosyl ruthenium complex TERPY, which is a NO donor, induces concentration-dependent relaxation in E + and E − rings of the second and third branch of mesenteric arteries of normotensive rats and SHR contracted with phenylephrine. Moreover, endothelium exerts distinct modulatory effects on mesenteric artery vascular smooth muscle cells of normotensive rats and SHR. One of the major findings of the present study is that endothelium improves TERPY-induced relaxation in SHR E + mesenteric rings as compared to the corresponding E − rings (Fig. 4A) . In contrast, in normotensive rats, endothelium impairs TERPY-induced relaxation potency in E + mesenteric rings as compared to the corresponding E − rings (Fig. 4B) .
A previous study has shown that E − aortic and mesenteric segments of hypertensive rats do not present attenuated relaxation in response to the classic nitrovasodilator SNP [33] . Here, we demonstrate that TERPY-induced vasodilation is similar in E − mesenteric arteries of normotensive rats and SHR (Fig. 1) , which has also been previously observed in denuded aortas of normotensive rats and SHR [8] . Another study has verified that denuded resistance vessels of 2K-1C and 2K rats do not differ in terms of TERPY-induced vasodilator effect [20] . Therefore, the total functional capacity of vascular smooth muscle to relax in response to compounds that release NO does not seem to change with hypertension [33] . sGC is a heterodimeric protein composed of two subunits, alpha (α) . Cumulative concentration-effect curves (10 nM-100 μM) were constructed for TERPY in the case of E + arteries contracted with phenylephrine (10 μM) in the absence (black square, n = 5) or in the presence of L-NNA (100 μM, black circle, n = 4, A), 1400W (10 μM, inverse black triangle, n = 4, B), or 7-NI (100 μM, black rhomb, n = 4, C). Data are reported as the mean ± S.E.M. Statistical differences in pD 2 values (*p < 0.05, One-Way ANOVA, followed by Tukey test). and beta (β), and a prosthetic heme group. NO binds to the sGC heme domain in vascular smooth muscle cells, to activate sGC and to raise cyclic 3′,5′-guanosine monophosphate (cGMP) concentration. cGMP effects are mediated by cGMP-dependent protein kinase G [34, 35] , which can activate sarco-endoplasmic reticulum Ca 2+ -ATPase (SERCA) [36] and potassium channels [37] as well as inhibit inositol tris-phosphate (IP 3 )-mediated Ca 2+ -release [38] . All these actions reduce cytosolic calcium concentration in vascular smooth muscle cells, to promote relaxation.
SHR
SHR -Endothelial cells of superior m esenteric artery
ODQ (a selective sGC inhibitor) or TEA (a non-selective potassium channel blocker) diminished the maximum vasodilator effect induced by TERPY with similar amplitude in E − mesenteric artery rings of normotensive rats and SHR, but neither ODQ nor TEA abolishes relaxation ( Fig. 2A-D) . However, in combination, ODQ and TEA abolish TERPY-induced relaxation ( Fig. 2E and F) . These results suggest that the final TERPY-stimulated relaxation pathway in the vascular smooth muscle of normotensive rats and SHR mesenteric rings involves sGC and potassium-channel activation.
Resistance vessels of normotensive rats and SHR have similar sGC expression of α and β subunits (Fig. 3A and B) . Our data corroborate with the results of Ndisang and cols. [39] , who have shown that sGC expression remains unaltered in vascular smooth muscle cells of SHR and Wistar-Kyoto rats of the same age. These results clarify the similar amplitude of TERPY-induced relaxation in E − mesenteric arteries of normotensive rats and SHR in the presence of ODQ.
Vascular smooth muscle cells and endothelial cells that form walls in microcirculation vessels express an array of potassium channels that play an important role in microcirculation modulation in both healthy and diseased vessels. Mesenteric beds express at least four different classes of potassium channels, including inward-rectifier K + channels (Kir), ATP-sensitive K + channels (K ATP ), voltage-gated K + channels (K V ), and conductance calcium-activated K + channels [40] . A previous study has shown that SHR mesenteric vessels have larger calcium-activated potassium and smaller Kv current components as compared to WKY, which suggests that these differences contribute to eliciting the distinct TEA effect, resting membrane potential, Ca 2+ influx, and K Ca current reported in hypertensive arteries [41] . Here, we demonstrate that SHR mesenteric beds have lower number of small conductance calcium-activated potassium channels (SK3) (Fig. 3C ) and big conductance calcium-activated potassium channels (maxiK) (Fig. 3G ) as compared to normotensive rats. However, in the event of TERPY-induced relaxation, TEA produces similar responses in vessels of normotensive rats and SHR ( Fig. 2C and D) . This is the reason why we have not tested more selective potassium channel inhibitors. Araújo and cols. [20] have suggested that a compensatory mechanism comes into play to guarantee efficient relaxation even if one channel subtype is impaired. Herein, we have found that mesenteric arteries of normotensive rats and SHR have similar endothelium-independent relaxation ( Fig. 1) even though SHR present impaired expression of specific potassium channels ( Fig. 3C and G) . Reduced peripheral vascular resistance could be directly attributed to the TERPY-induced hypotensive action in normotensive rats and SHR [8, 15, 17] . Nevertheless, TERPY promotes a greater hypotensive effect in SHR as compared to normotensive rats [8, 15] . This fact happens because endothelium significantly enhances TERPY potency in SHR mesenteric arteries (Fig. 4A) , whereas the presence of endothelium impairs TERPY potency in mesenteric arteries of normotensive rats (Fig. 4B) .
Endothelial modulation of the TERPY vasodilator effect has been demonstrated in aortas of normotensive rats. This modulation involves mechanisms that differ from the mechanisms observed in SHR aortas. Bonaventura and cols. [14] have demonstrated that endothelium disrupts the TERPY vasodilator effect through a NOS-dependent mechanism, which abates TERPY potency in normotensive rat aortas. TERPY addition increases ROS concentration in aortic endothelial cells, but L-NAME can lower ROS levels. Another special feature of TERPY is that it can oxidize tetrahydrobiopterin (BH 4 ) to dihydrobiopterin (BH 2 ) [14] . BH 4 is an essential co-factor for NOS activity and stabilizes the NOS dimer [42] . In the absence of this co-factor, NOS remains uncoupled and generates more superoxide anion (O 2 − ) than NO [43] .
These results suggest that TERPY induces NOS uncoupling in intact aortas of normotensive rats.
On the other hand, endothelium contributes to the TERPY vasodilator response in SHR aortas [15] , which also happens in the case of SHR mesenteric arteries (Fig. 4A) . Although TERPY oxidizes BH 4 to BH 2 , SHR blood vessels contain lower BH 4 levels [44, 45] . Furthermore, SHR vascular cells have higher ROS concentration, which can be decreased by L-NAME; this suggests that NOS is already uncoupled in SHR [15, 45] . Hence, TERPY might not promote NOS uncoupling in SHR aortas [15] . In addition, when L-NAME blocks NOS, TERPY potency in SHR aortas [15] and mesenteric arteries (Fig. 4C) diminishes. Besides that, L-NAME reduces the TERPY-induced rise in DAF-2DA fluorescence intensity in SHR mesenteric endothelial cells (Fig. 6) . These results point out that NOS activity and NO production in SHR mesenteric resistance arteries intensify the TERPY vasodilator effect.
SHR blood vessels present endothelial dysfunction, which is classically evidenced by impaired endothelium-dependent relaxation, increased ROS levels, decreased NO concentration in endothelial cells, and higher COX-dependent contracting factor production [22, 23, 46] . We have used indomethacin to evaluate the COX pathway participation in the TERPY vasodilator effect. Interestingly, COX inhibition with indomethacin does not modify TERPY response in mesenteric arteries of normotensive rats or SHR (Fig. 4E and F) . These results suggest that cyclooxygenase products do not modulate the TERPY vasodilator effect.
NOS does not play a part in the TERPY vasodilator action in mesenteric arteries of normotensive rats (Fig. 4D) . Therefore, we have attempted to identify which NOS specific isoform is involved in TERPYinduced relaxation in SHR mesenteric arteries. Selective nNOS (7-NI) and iNOS (1400W) inhibitors do not affect TERPY-induced relaxation ( Fig. 5B and C) , but L-NNA, a more selective eNOS inhibitor (Fig. 5A) , diminishes TERPY potency. Moreover, TERPY increases DAF-2DA fluorescence intensity, suggesting that TERPY stimulates a rise in NO concentration in SHR endothelial cells. This effect decreases in the presence of L-NNA and L-NAME, but not in the presence of 7-NI, 1400W, or indomethacin (Fig. 6) . Hence, eNOS contributes to the TERPY vasodilator effect in SHR mesenteric resistance arteries.
In response to various forms of cellular stimulation, serine residue phosphorylation (Ser 635 and Ser 1179 in bovine; Ser 633 and Ser 1177 in human) can activate eNOS, to produce NO [47] [48] [49] [50] . On the other hand, it is commonly accepted that eNOS activity and NO production is inhibited by phosphorylation at Thr 495 and Thr 497 [49, [51] [52] [53] . We have observed that TERPY elicits eNOS Ser 1177 phosphorylation in E + mesenteric arteries of SHR (Fig. 7A ). This response agrees with the increasing at NOx levels ( Fig. 7C ) and decreases at ONOO − production (Fig. 7D) . Recently, by using human umbilical vein endothelial cells (HUVEC), we have demonstrated that TERPY promotes eNOS hyperactivation and eNOS phosphorylation at Ser 1177 [54] . In addition, TERPY increased eNOS expression only in mesenteric arteries of SHR (Fig. 7B) , which may contribute to increased levels of NO. However, in E + mesenteric arteries of Wistar rats, eNOS phosphorylation at Thr 495 was stimulated by TERPY (Fig. 7A) , simultaneously there was a decrease in NOx levels (Fig. 7C) . eNOS phosphorylation at Thr 495 was related with ROS formation [52, 55] , which explains the increase of ONOO − production in E + mesenteric arteries of normotensive rats stimulated with TERPY (Fig. 7D) . Taken together, our data suggest that TERPY promotes relaxation in E + and E − mesenteric arteries of normotensive rats and SHR. TERPYinduced vascular relaxation involves activation of sGC and of potassium channels sensitive to TEA in E − mesenteric arteries of normotensive and SHR rats. Furthermore, endothelium modulates the TERPY-induced vasodilator action in mesenteric arteries of normotensive rats and SHR in different ways. On the one hand, NOS inhibition with L-NAME increases TERPY potency in normotensive rats, once TERPY promotes eNOS Thr 495 phosphorylation in Wistar E + mesenteric arteries; on the other hand, L-NAME lowers TERPY potency in SHR. In this way, endothelium and notably NOS contributes to the TERPY vasodilator effect in SHR because TERPY promotes eNOS Ser 1177 phosphorylation in SHR E + mesenteric arteries.
Further studies are necessary to find out whether TERPY can outweigh the existing NO donors, like GNT and SNP. Nonetheless, TERPY prompts a slow and long-lasting hypotensive action without eliciting reflex tachycardia [8] . In addition, it does not cause headache or promote cytotoxicity [18] . Moreover, TERPY induces vasodilation in conductance and resistance arteries of normotensive rats and SHR with similar efficacy. In conclusion, TERPY represents a novel and attractive pharmacological tool to study and to understand the NO mechanism of action in experimental hypertension and endothelial dysfunction models: TERPY induces relaxation in blood vessels of SHR, in which, despite endothelial dysfunction, the endothelium and eNOS improve the effect of TERPY.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.lfs.2018.03.055.
